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analysis  of  variance  was  used  to  determine  differences  in  the  in  the  groups  relative  to  the 
pharmacokinetic  parameters  with  a  post-hoc  least  significant  difference  test. 

Findings : 
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Abstract 


Purpose: 

This  study  compared  the  pharmacokinetics  of  IV,  10,  and  IM  atropine  in  cardiovascular  collapse 
to  determine  the  extent  to  which  hypovolemic  shock  retards  IM  atropine  absorption  and  if  10 
administration  is  an  effective  alternative. 

Design: 

This  study  was  a  prospective,  between  subjects,  experimental  design 

Methods: 

Swine,  under  general  anesthesia,  were  randomly  assigned  to  one  of  six  treatment  groups: 
normovolemic  IV,  10  and  IM  and  hypovolemic  IV,  10  and  IM.  Hypovolemia  was  accomplished 
by  exsanguinating  35%  of  the  estimated  blood  volume  (24.5  ml/kg)  over  30  minutes.  2  mg  of 
atropine  was  delivered  via  IV,  10  or  IM  injection  and  blood  samples  were  collected  over  2  hours. 
The  samples  were  analyzed  by  HPLC-MS. 

Sample: 

Thirty-six  Yorkshire-cross  swine  weighing  between  58  and  71  Kilograms 
Analysis: 

Pharmacokinetic  parameters  were  determined  using  compartmental  models.  A  multivariate 
analysis  of  variance  was  used  to  determine  differences  in  the  in  the  groups  relative  to  the 
pharmacokinetic  parameters  with  a  post-hoc  least  significant  difference  test. 

Findings: 

Both  IV  and  10  peaked  immediately  and  had  a  very  rapid  distribution  phase.  As  expected,  the 
peak  concentration  and  time  to  peak  concentration  were  significantly  lower  for  IM 
administration.  The  hypovolemic  10  and  IV  groups  had  very  similar  results  to  the  normovolemic 
groups,  peaking  immediately  and  having  a  rapid  distribution.  Compared  to  the  normovolemic 
groups,  peak  concentrations  were  higher  in  the  10  and  IV  hypovolemic  groups  and 
concentrations  remained  higher  for  the  duration  of  the  experiment.  Hypovolemia  significantly 
delayed  the  absorption  after  IM  administration  (6.6  vs  19.5  minutes,  p=0.011). 

Implications  for  Military  Nursing: 

This  study  emphasizes  the  potential  difficulty  of  treating  nerve  agent  poisoning  solely  with  IM 
atropine  and  the  feasibility  of  treating  nerve  agent  casualties  with  10  administration  of  atropine. 
The  10  route  of  administration  may  be  particularly  advantageous  when  the  casualty  has  had  a 
severe  exposure  or  is  in  hypovolemic  shock. 
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TSNRP  Research  Priorities  that  Study  or  Project  Addresses 


Primary  Priority 

Force  Health  Protection: 

1  I  Fit  and  ready  force 

1X1  Deploy  with  and  care  for  the  warrior 

1  I  Care  for  all  entrusted  to  our  care 

Nursing  Competencies  and 
Practice: 

1  I  Patient  outcomes 

1  I  Quality  and  safety 

1  I  Translate  research  into  practice/evidence-based  practice 

1  I  Clinical  excellence 

1  I  Knowledge  management 

1  I  Education  and  training 

Leadership,  Ethics,  and 
Mentoring: 

1  I  Health  policy 

1  I  Recruitment  and  retention 

1  I  Preparing  tomorrow’s  leaders 

1  I  Care  of  the  caregiver 

Other: 

□ 

Secondary  Priority 

Force  Health  Protection: 

1  I  Fit  and  ready  force 

1  I  Deploy  with  and  care  for  the  warrior 

1  I  Care  for  all  entrusted  to  our  care 

Nursing  Competencies  and 
Practice: 

1  I  Patient  outcomes 

1  I  Quality  and  safety 

1  I  Translate  research  into  practice/evidence-based  practice 

1  I  Clinical  excellence 

1  I  Knowledge  management 

1  I  Education  and  training 

Leadership,  Ethics,  and 
Mentoring: 

1  I  Health  policy 

1  I  Recruitment  and  retention 

1  I  Preparing  tomorrow’s  leaders 

1  I  Care  of  the  caregiver 

Other: 

1X1  Evidence  based 
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Progress  Towards  Achievement  of  Specific  Aims  of  the  Study  or  Project 

Findings  related  to  each  specific  aim,  research  or  study  questions,  and/or  hypothesis: 

The  aims  of  this  study  are  as  follows: 

1 .  Determine  the  pharmacokinetics  of  atropine  when  administered  via  the  10,  IV,  and  IM  routes 
in  a  normovolemic  pig  model 

2.  Determine  the  pharmacokinetics  of  atropine  when  administered  via  the  10,  IV,  and  IM  routes 
in  a  hypovolemic  pig  model 

3.  Determine  if  there  is  a  difference  in  the  pharmacokinetics  (particularly,  a  change  in  the  rate 
and  extent  of  absorption)  of  atropine  when  administered  via  the  10,  IV,  and  IM  routes  in  a 
normovolemic  compared  to  a  hypovolemic  pig  model? 


Raw  plasma  concentration  versus  time  curves  for  all  groups  are  presented  in  Figure  1.  Both  IV 
and  10  peaked  immediately  and  had  a  very  rapid  distribution  phase.  There  was  no  apparent 
absorption  phase  for  the  10  administration.  As  expected,  the  peak  concentration  and  time  to  peak 
concentration  were  significantly  lower  for  IM  administration.  The  hypovolemic  10  and  IV 
groups  had  very  similar  results  to  the  normovolemic  groups,  peaking  immediately  and  having  a 
rapid  distribution.  Compared  to  the  normovolemic  groups,  peak  concentrations  were  higher  in 
the  10  and  IV  hypovolemic  groups  and  concentrations  remained  higher  for  the  duration  of  the 
experiment  (Figure  1).  Hypovolemia  did  not  delay  the  circulation  or  create  an  absorption  phase 
in  the  10  administration.  However,  hypovolemia  significantly  delayed  the  absorption  after  IM 
administration  (6.6  vs  19.5  minutes,  p=0.011). 

Both  normovolemic  and  hypovolemic  IV  data  were  modeled  using  a  2  compartment  model  with 
IV  bolus  and  first  order  elimination.  No  appreciable  absorption  phase  was  noted  in  the  10  data; 
therefore,  it  was  modeled  using  the  same  model  as  the  IV  data.  The  normovolemic  IM  data  were 
modeled  using  a  2  compartment  model,  first  order  absorption  and  elimination.  The  hypovolemic 
IM  data  had  such  slow  absorption  that  no  distribution  was  observed  in  the  concentration  time 
curve  and  could  not  be  modeled  using  the  same  model  as  the  IM  normovolemic  data.  Therefore, 
a  1  compartment  model  was  used  for  modeling.  The  pharmacokinetic  parameters  derived  from 
compartmental  modeling  are  reported  in  Table  2.  The  peak  concentration  or  concentration 
maximum  (Cmax)  and  time  to  peak  concentration  (Tmax)  for  the  IM  hypovolemic  group  were 
significantly  lower  than  hypovolemic  IV  and  10  administration,  as  well  as,  significantly  lower 
than  all  the  normovolemic  groups. 
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Figure  1.  Pharmacokinetic  profiles  of  atropine  by  route  of  administration 
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Table  1.  Derived  pharmacokinetic  parameters  of  atropine  in  normovolemic  and  hypovolemic 
swine.  Mean  ±  SD 


Normovolemic 

Hypovolemic  j 

Parameters 

Units 

IV 

IO 

IM 

IV 

IO 

IM 

VI 

L 

6.5+33 

11.1+7.2 

65.2+44.3 

4.4+  1.6 

7.7+ 3.1 

Vss 

L 

71.5+29.1 

76.2±  36.0 

46.6+  14.4 

71.5+35.4 

AUC 

min*ng/ml 

912+334 

1023+  384 

937+  183 

1599+392 

1470+  523 

1247+  168 

Cl 

ml/min 

2523+  1 105 

2184+  756 

2200+  408 

1314+329 

1462± 345 

1627+217 

t‘/2-  alpha 

min 

0.9+ 0.2 

1.3+ 0.4 

7.3±  6.1 

1. 1+0.1 

1.2+ 0.2 

t*/2-  beta 

min 

38.3+4.6 

38.0+  6.9 

106.0+  86.2 

46.2+  5.3 

48.9+  14.8 

Cmax 

ng/ml 

374+  166 

300+  250 

20+8 

513±  221 

309±  168 

14+5 

Tmax 

min 

0 

0 

6.6+ 3.1 

0 

0 

19.5+9.8 

The  initial  volume  of  distribution  (VI),  volume  of  distribution  at  steady  state  (Vss),  area  under 
the  curve  (AUC),  clearance  (Cl),  and  half-lives  (tVi-  alpha,  tVi-  beta)  are  descriptive  in  nature. 
Comparisons  were  made  between  the  maximum  concentration  (Cmax)  and  time  to  maximum 
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concentration  (Tmax)  which  describe  the  absorption  of  atropine  from  the  site  of  injection  to  the 
blood  stream. 

Relationship  of  current  findings  to  previous  findings: 

Our  results  support  the  bioequivalence  of  intraosseous  and  intravenous  administration  of 
atropine.  In  theory,  drug  could  distribute  to  the  bone  marrow  of  the  tibia,  which  is  primarily  fat, 
and  slowly  absorb  over  time.  We  did  not  see  any  evidence  of  this  in  our  study. 

Hypovolemia  affected  the  pharmacokinetics  of  both  intravenous  and  intraosseous  administration. 
However,  they  did  not  affect  one  route  to  any  greater  degree.  We  hypothesized  that  hypovolemia 
may  slow  the  onset  of  10  administration,  creating  an  absorption  phase.  We  did  not  see  any 
evidence  of  an  absorption  phase.  The  pharmacokinetic  changes  we  saw  with  hypovolemia  after 
10  and  IV  administration  were  predictable.  A  35%  reduction  in  blood  volume  would  cause  a 
decrease  in  the  initial  volume  of  distribution  and  diminished  liver  blood  flow  generally  causes  a 
decrease  in  drug  clearance.  Our  results  are  consistent  with  a  small  number  of  investigators  that 
have  used  traditional  compartmental  modeling  to  elucidate  the  effects  of  hemorrhage  on 
pharmacokinetics.7,8  A  study  investigating  the  effects  of  hemorrhagic  shock  on  the 
pharmacokinetics  of  fentanyl  demonstrated  higher  peak  concentrations,  smaller  volume  of 
distribution,  and  decreased  clearance.7  Johnson  and  colleagues  observed  similar  changes  in  an 
investigation  determining  the  influence  of  hemorrhage  on  the  pharmacokinetics  of  propofol.8  We 
observed  these  same  general  changes  with  hypovolemia. 

Effect  of  problems  or  obstacles  on  the  results: 

Thirty-six  pigs  were  used  in  the  study;  one  of  which  was  excluded  from  data  analysis. 
Specifically,  one  pig  in  the  hypovolemic  IV  administration  group  died  in  the  final  minutes  of  the 
experiment.  The  data  from  that  pig  were  analyzed  and  modelled  but  the  results  were  vastly 
different  (greater  than  three  standard  deviations)  from  the  rest  of  the  group  and,  therefore, 
excluded  from  statistical  analysis. 

Limitations: 

The  results  may  not  be  generalizable  to  humans;  however,  pigs  are  very  similar  in  anatomy  and 
physiology  and  should  approximate  results  with  humans.  In  fact,  the  tibia  of  a  70-kilogram  pig  is 
shorter  and  may  contain  less  marrow  than  a  human  of  the  same  weight.  This  difference  may 
underestimate  any  distribution  or  depot  effect.  Additionally,  the  results  may  be  specific  to  tibial 
10  administration  and  not  generalizable  to  sternal  10  administration.  The  sternum  has  a  smaller 
marrow  volume  and  is  made  up  of  red  marrow  compared  to  the  adult  tibia  which  is  made  up  of 
almost  entirely  yellow  marrow.  In  theory,  the  sternal  10  route  should  exhibit  less  distribution 
because  of  its  lower  fat  content  and  marrow  volume.  Additional  studies  should  be  conducted 
using  the  sternal  10  route  to  elucidate  potential  differences. 

Intramuscular  auto-injection  of  atropine  into  the  gluteal  muscle  of  the  pig  produced  similar 
pharmacokinetics  to  human  IM  administration  with  the  MARK  1  auto-injector.  Mean  peak 
plasma  concentrations  in  swine  were  20  ng/ml  compared  to  12.9  ng/ml  in  the  human.  Mean  time 
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to  peak  concentration  (6.6  minutes)  in  the  swine  was  almost  identical  to  results  in  a  human 
volunteer  study  (6.5  minute).6 

It  was  not  practical  to  blind  investigators  to  experimental  group.  However,  the  outcomes  were 
objective  and  unlikely  affected  by  observer  bias. 

Conclusion: 

The  aims  of  this  study  were  to  determine  the  pharmacokinetics  of  atropine  when  administered 
via  the  10,  IV,  and  IM  routes  in  a  hypovolemic  swine  model  and  determine  the  impact  of 
hypovolemia  on  the  rate  and  extent  of  absorption  when  administered  via  these  routes.  This  study 
demonstrated  that  hypovolemia  had  a  dramatic  effect  on  the  absorption  of  atropine  delivered  by 
intramuscular  auto-injection.  We  expected  absorption  from  IM  injection  to  decrease  with  the 
peripheral  vasoconstriction  associated  with  hypovolemia,  but  the  three-fold  increase  in  Tmax 
was  more  than  we  anticipated.  Conversely,  hypovolemia  had  less  effect  on  IV  and  10  delivery. 
We  hypothesized  that  peripheral  vasoconstriction  caused  by  hypovolemia  might  delay  uptake 
from  10  administration  and  create  an  absorption  phase  in  its  pharmacokinetic  profile.  In  theory, 
drug  could  distribute  to  the  bone  marrow  of  the  tibia,  which  is  primarily  fat,  and  slowly  absorb 
over  time.  We  did  not  see  any  evidence  of  this  in  our  study. 

This  study  emphasizes  the  potential  difficulty  of  treating  nerve  agent  poisoning  solely  with  IM 
atropine  and  the  feasibility  of  treating  nerve  agent  casualties  with  10  administration  of  atropine. 
This  route  of  administration  may  be  particularly  advantageous  when  the  casualty  has  had  a 
severe  exposure  or  is  in  hypovolemic  shock. 
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Significance  of  Study  or  Project  Results  to  Military  Nursing 

The  American  Association  of  Colleges  of  Nursing’s  position  statement  on  nursing  research  states 
that  “nursing  research  encompasses  a  wide  scope  of  scientific  inquiry  including  clinical 
research. .  .clinical  research  based  on  biology,  behavioral  and  other  types  of  scientific 
investigation  provide  the  scientific  basis  for  care  of  the  individual  in  any  setting  where  nursing 
care  is  provided”.1 

On  and  off  the  battlefield,  highly  specialized,  well-educated  nurses  are  managing  complex 
injuries  as  integral  member  of  the  trauma  team.  Decisions  about  what  type,  dose  and  route  of 
medication  to  administer  are  within  the  scope  of  nursing  practice  for  these  nurses.  Advanced 
nurses  and  all  health  care  professionals  involved  in  the  care  of  the  wounded  warrior  have  a 
critical  need  for  relevant  data  relative  to  optimize  delivery  of  medications.  Data  generated  in  this 
study  provides  evidenced-based  data  for  practitioners  to  use  10  administration  of  atropine  in  the 
treatment  of  nerve  agent  casualties.  There  is  a  growing  body  of  literature  that  supports  the 
incorporation  of  10  administration  of  atropine  in  policies  for  the  preparation  and  treatment  of 
nerve  agent  poisoning.  2,3 

The  aims  of  this  study  were  to  determine  the  pharmacokinetics  of  atropine  when  administered 
via  the  10,  IV,  and  IM  routes  in  a  hypovolemic  swine  model  and  determine  the  impact  of 
hypovolemia  on  the  rate  and  extent  of  absorption  when  administered  via  these  routes.  This  study 
demonstrated  that  hypovolemia  had  a  dramatic  effect  on  the  absorption  of  atropine  delivered  by 
intramuscular  auto-injection.  Conversely,  hypovolemia  had  less  effect  on  IV  and  10  delivery. 

We  hypothesized  that  peripheral  vasoconstriction  caused  by  hypovolemia  might  delay  uptake 
from  10  administration  and  create  an  absorption  phase  in  its  pharmacokinetic  profile.  We  did  not 
see  any  evidence  of  this  in  our  study.  Our  results  indicate  that  therapeutic  levels  of  atropine  may 
be  delayed  and  possibly  difficult  to  obtain  via  IM  injection  in  the  presence  of  hypovolemic 
shock. 

This  study  emphasizes  the  potential  difficulty  of  treating  nerve  agent  poisoning  solely  with  IM 
atropine  and  the  feasibility  of  treating  nerve  agent  casualties  with  10  administration  of  atropine. 
This  route  of  administration  may  be  particularly  advantageous  when  the  casualty  has  had  a 
severe  exposure  or  is  in  hypovolemic  shock. 

Our  findings  are  consistent  with  those  of  Murray  and  colleagues,  whose  study  on  the 
bioavailability  of  nerve  agent  antidotes  in  minipigs  demonstrated  rapid  and  complete 
bioavailability  of  atropine  after  10  administration.4  However,  in  the  same  study  the  manual  IM 
injection  of  atropine  resulted  in  a  more  rapid  absorption  (3.5  vs  6.6  minutes)  and  higher  peak 
concentrations  (33.6  vs  20  ng/ml)  than  we  observed  with  the  use  of  an  auto-injector.4  Auto¬ 
injection  has  previously  been  found  to  have  more  rapid  absorption  and  higher  peak  plasma 
concentrations  than  traditional  IM  injection.5  Perhaps  these  differences  are  related  to  the  muscle 
used  for  injection  and/or  the  type  of  swine  used  for  the  experiment.  The  quadriceps  muscle  of  a 
20  Kg  Gottingen  minipig  may  have  greater  blood  flow  than  the  gluteal  muscle  of  a  70  kilogram 
Yorkshire  cross.  In  humans  the  IM  administration  of  a  2  mg  dose  of  atropine  into  the 
anterolateral  aspect  of  the  upper  leg  with  the  MARK  1  auto-injector  resulted  in  a  mean  peak 
plasma  concentration  of  12.9  ng/ml  and  a  median  time  to  peak  concentration  of  6.5  minutes.6 
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The  results  may  not  be  generalizable  to  humans;  however,  pigs  are  very  similar  in  anatomy  and 
physiology  and  should  approximate  results  with  humans.  In  fact,  the  tibia  of  a  70-kilogram  pig  is 
shorter  and  may  contain  less  marrow  than  a  human  of  the  same  weight.  This  difference  may 
underestimate  any  distribution  or  depot  effect.  Additionally,  the  results  may  be  specific  to  tibial 
10  administration  and  not  generalizable  to  sternal  10  administration.  The  sternum  has  a  smaller 
marrow  volume  and  is  made  up  of  red  marrow  compared  to  the  adult  tibia  which  is  made  up  of 
almost  entirely  yellow  marrow.  In  theory,  the  sternal  10  route  should  exhibit  less  distribution 
because  of  its  lower  fat  content  and  marrow  volume. 

The  findings  of  this  study  supports  the  incorporation  of  10  administration  of  atropine  in  policies 
for  the  preparation  and  treatment  of  nerve  agent  poisoning.  Additional  studies  should  be 
conducted  with  different  10  sites  of  administration  such  as  the  sternum  and  humerus.  Future 
research  should  also  be  conducted  on  the  bio  equivalency  other  common  medications  used  in  the 
treatment  of  nerve  agent  such  as  2  PAM  Cl  and  diazepam. 
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One  pig  in  the  hypovolemic  IV  administration  group  died  in  the  final  minutes  of  the  experiment. 
The  data  from  that  pig  were  analyzed  and  modelled  but  the  results  were  vastly  different  (greater 
than  3  standard  deviations)  from  the  rest  of  the  group  and  therefore,  excluded  from  statistical 
analysis. 
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